Summary. Cytotoxic activity of culture supernates of Helicobacter pylori is manifested by vacuolation of mammalian cells in vitro. The formation and maturation of toxin-induced vacuoles in HeLa cells has been studied to examine the possibility that they are autophagosomal in nature. Observation by light microscopy revealed that vacuoles originate in a perinuclear position, increasing in number and size until cell degeneration and lysis occur after 48 h. Ultrastructural study of mature vacuoles indicated the presence of a bounding membrane with contents consisting of degenerate cytoplasmic components and acid phosphatase activity. Confocal fluorescence imaging demonstrated acridine orange accumulation in the vacuoles of toxin-treated cells, indicating an acidic intravacuolar pH. These features are characteristic of autophagosomes. In addition, the size of vacuoles in living, acridine orange-stained cells tended to be inversely proportional to fluorescence intensity. Fluid phase endocytic markers were observed only rarely within nascent vacuoles. Over the succeeding 24 h, labelling of most vacuoles with these dyes was observed. This, along with the observation of intravacuolar acid phosphatase activity, provides evidence that vacuoles communicate at some point during their development with endocytically derived compartments. These observations provide direct evidence for an autophagic origin of these structures.
Introduction
Helicobacter pylori is a non-invasive gram-negative spiral bacterium that was first identified in 1983 and subsequently implicated in the pathogenesis of gastroduodenal disease, including gastritis and peptic ulcer di~ease.l-~ Cytotoxic activity, manifested by intracytoplasmic vacuolation of mammalian cells in vitro, was identified in broth culture filtrates of 55% of H . pylori strain^.^ A high-mol. wt, heat-labile exoprotein which has been purified recently* is believed to be responsible for this phenomenon.
Human and animal studies of the cytotoxin of H . pylori provide evidence that suggests a role for the cytotoxin in the pathogenesis of gastroduodenal disease associated with H . pylori. Thus, toxigenic strains of H . pylori are more virulent for gnotobiotic piglets than non-toxigenic strain^,^ and are more often associated with peptic ulcer disease than with dyspepsia and gastritis, which are considered to be milder forms of disease.6 Furthermore, patients infected with H. pylori produce antibody that neutralises cytotoxin activity,' indicating that the cytotoxin is produced in vivo, and vacuolation of gastric epithelial cells is observed in vivo during infection by H . pylori. 8 Little is known of the mechanism by which the toxin induces vacuolation and, ultimately, destruction of mammalian cells or of the clinical relevance of this effect in pathogenesis. Previous ultrastructural studies succeeded in identifying the presence of a bounding membrane around vacuoles induced in vitro in HeLa cells and organelle remains within the vacuole^.^ Preliminary studies have demonstrated the apparent lytic and acidic nature of the toxin-induced vacuoles.9* lo Quantitative measurements of neutral red uptake suggest that ammonia generated by urease activity or some other bacterial metabolic process acts to potentiate vacuolation.ll Ultrastructural observations of surface epithelium abnormalities have indicated that vacuoles observed in vivo appear to be autolytic in nature.8 These observations suggested that toxin-induced vacuoles may have their origin in autophagosomes.
The bounding membranes of autophagic vacuoles are thought to arise from the endoplasmic reticulum (ER), because integral ER membrane proteins have been identified immunochemically in nascent vacuole membranes.l2' l3 The presence of partly digested organelles, lgp 120, and hydrolytic enzyme activity12* l3 is characteristic of mature autophagic vacuoles, which may arise by fusion of nascent vacuoles with lysos o m e~,~~ or by a more complex protein transport and sequestration mechanism.16* l6 Under normal conditions, autophagosomes presumably recycle cytoplasmic components but they appear rapidly in cells exposed to certain stresses, including those that deprive the cell of amino acids.l2! 139 l7 We have used morphological techniques to examine the vacuoles and to show that they are autophagic in nature. HeLa cells (ATCC CCL 2.2) were cultured in Minimum Essential Medium (MEM) with Earle's salts and 25 mM HEPES (Gibco) supplemented with FBS 5 % v/v, 2 mM L-glutamine and antibiotic-antimycotic mixture (Gibco). Cells were maintained at 37 "C in a CO, 5% atmosphere.
Materials and methods

Organisms
Production of cytotoxin
Cytotoxin was prepared and HeLa cells were treated by a modification of the procedure described by Leunk et ~1 .~ Briefly, high-mol. wt components (> 30 kDa) of broth-culture filtrates of H . pylori were concentrated 20-fold by centrifugation with Centriprep 30 concentrators (Amicon, Danvers, MA, USA). In this way, direct osmotic effects due to low-mol. wt molecules were avoided. Concentrated filtrates were diluted 1 in 10 in six-well tissue culture plates containing glass cover-slips with adherent HeLa cells (25% confluence). The plates were then incubated as above.
Cytochemical staining
Acridine orange (AO) accumulation was assessed by exposing living HeLa cells, vacuolated by exposure to toxin for 24 h, to A 0 (Molecular Probes A-1301, Eugene, OR, USA) at a final concentration of 5 pg/ml for 2 min in MEM.18* Cover-slips bearing cells were then rinsed three times in Dulbecco's phosphatebuffered saline (PBS), mounted on microscope slides at 25 "C and observed immediately. All observations were recorded during the 10-1 5 min that cells retained normal morphology under these conditions.
Movement of Lucifer Yellow carbohydrazide (LY, Molecular Probes L-1 177) or fluorescein isothiocyanate (F1TC)-dextran (Sigma FD-70S, St Louis, MO, USA) into the vacuoles was assessed by exposing HeLa cells to these dyes simultaneously with the addition of toxigenic filtrate. LY was applied at a final concentration of 0.5 mg/ml in PBS and FITC-dextran at a final concentration of 1 mg/ml in PBS. The cells were incubated for 30 min-22 h as described above, rinsed four times with PBS, mounted on microscopes slides at 25 "C and observed immediately.
Specimens for acid phosphatase cytochemistry were prepared according to Griffiths et a1.20* 21 Briefly, cells were fixed in glutaraldehyde 0.5 YO in 100 mM PIPES buffer (pH 7.0) for 15 min at room temperature, washed with 10 mM sodium acetate buffer (pH 5.0) then incubated in a mixture of P-glycerophosphate and lead nitrate in the acetate buffer at 37 "C for 60 min. In controls, p-glycerophosphate substrate was omitted or enzyme activity was inhibited with 10 mM sodium fluoride added to the reaction mixture. Cells were post-fixed, embedded and observed as described below.
Microscopy
Laser-scanned confocal images of AO, LY and FITC-dextran fluorescence were obtained with a Sarastro 2000 confocal laser scanning microscope system (Molecular Dynamics, Sunnyvale, CA, USA) operating with 488 nm argon ion laser illumination. Fluorescence filtration for all probes was achieved with a 5 10 nm dichroic mirror and a 5 10 nm longpass barrier filter. Simultaneous non-confocal transmitted light images were obtained for some studies with a transmitted light detector.
For conventional light microscopy, cells were observed with an Olympus IMT-2 inverted research microscope (Olympus Optical Co., Tokyo, Japan).
For transmission electronmicroscopy (TEM), cells were fixed for 30min at room temperature with glutaraldehyde 3 % in 100 mM cacodylate buffer (PH 7.2) containing sucrose 5 % w/v. They were then rinsed in the same buffer, post-fixed with OsO, 1 YO in 100 mM cacodylate buffer (pH 7.2) for 60 min, dehydrated in increasing concentrations of ethanol, and embedded in Spurr's resin.,, Specimens were sectioned with a Reichert Ultracut E ultramicrotome (ReichertJung division of Leica, Germany). Silver-gold sections were stained with uranyl acetate and lead citrate in an LKB Ultrostainer (Pharmacia-LKB, Uppsala, Sweden). Sections were examined with a Zeiss EM902 transmission electronmicroscope (Carl Zeiss, Oberkochen, Germany) at 80 kV in the zero-loss brightfield mode.
Results
Examination of vacuole formation
Vacuoles initially appeared in HeLa cells by light microscopy 3 h after treatment with a cytotoxin preparation ( fig. 1) . In contrast to untreated control cells ( fig. la) , nascent vacuoles initially appeared to concentrate in the perinuclear region ( fig. lb) . After 6 h, the vacuoles had increased in number and size, occupying much of the cytoplasm (fig. lc) . After incubation for 48 h, vacuole and HeLa cell degeneration was apparent with loss of cell integrity ( fig. Id) .
Ultrastructure of vacuolated cells
HeLa cells exposed to a cytotoxin preparation for 24 h revealed normal features of cultured mammalian cells along with cytotoxin-induced intracytoplasmic vacuoles ( fig. 2) . The vacuoles were numerous and ranged in size from 05pm to 3-0pm. Cytoplasmic components were apparent within the vacuoles (arrows, fig. 2a ) which were enclosed within a membrane (arrows, fig. 2b ). Vacuolar shrinkage, resulting from processing for TEM, accounts for their nonspherical appearance.
Intravacuolar p H
Two main observations were made by confocal fluorescence imaging of AO-stained HeLa cells treated with cytotoxin for 24 h (fig. 3) . First, fluorescence at wavelengths > 510 nm from structures ( fig. 3a) corresponding to vacuoles in the transmitted brightfield image ( fig. 3b ), indicated accumulation of AO, and hence the acidic pH of these organelles. Second, fluorescence intensity generally varied inversely with vacuolar size. The smallest endosomes and lysosomes were also visible and fluoresced more intensely. Lysosomes and endosomes appeared with uniform fluorescence intensity in non-vacuolate cells ( fig. 3a, upper  left) . These structures were not usually visible in transmitted brightfield images of the same cells ( fig. 3b ).
Enzymic activity of vacuolar contents
Ultrastructural acid phosphatase cytochemistry with lead capture reagents showed enzymic activity, characteristic of lysosomes, within the vacuoles induced by the incubation of HeLa cells for 24 h with the cytotoxin (fig. 4) . Enzymic activity was demonstrated by the production of electron-dense reaction product (arrow) in vacuoles incubated with the / 3-glycerophosphate and lead nitrate substrate mixture. The reaction product was not observed when / 3- 
Discussion
Identification of the mechanism of action of the cytotoxin of H. pylori is an important pre-requisite for clarifying its involvement in gastroduodenal disease. The vacuoles induced by the cytotoxin in vitro were, therefore, characterised cytochemically and ultrastructurally to understand better the mechanism of action of the cytotoxin and its potential clinical relevance. Vacuolation of mammalian cells have been reported to follow nutrient deprivation, chemical exposure and bacterial toxin activity.12* 239 24 One such vacuole type, the autophagosome, normally contributes to the recycling of cytoplasmic components, but appears rapidly and in excessive numbers in cells exposed to metabolic stress12* 13* l7 and is believed to originate by fusion of ER-derived vacuoles and lysosomes.12T l3 Autophagosomes are acidic and contain acid phosphatase activity and cytoplasmic debris. The present study shows that toxin-induced vacuoles resemble autophagosomes in the nature of their contents and their communication with the endo-lysosomal pathway during maturation.
The acidic nature of toxin-induced vacuoles was demonstrated by the accumulation of the membranepermeant, fluorescent weak base A 0 whose fluorescence becomes red-shifted at high local dye con~e n t r a t i o n .~~ A tendency was noted for larger vacuoles to be less intensely labelled, indicating a higher pH within these structures. This observation may reflect the accumulation in situ of a weak base, possibly ammonia, produced before or during incubation of the HeLa cells with the cytotoxin preparation. Others have shown that the vacuolating activity of cytotoxin preparations maybe potentiated by urease-mediated ammonia production." When weak bases diffuse into acidic compartments, they raise the pH, with the result that a greater proportion of weak base molecules become protonated. Once protonated they are no longer membrane permeable, become trapped, and can lead to osmotic swelling of the compartment.2s However, it is possible that osmotic swelling from other causes might produce the observed lowering of fluorescence intensity among the vacuoles, since the resulting volume increase could, in the absence of ion pumping, raise the intravacuolar pH.
The presence of acid phosphatase activity within some cytotoxin-induced vacuoles, demonstrated by classical techniques,20* 21 indicates contact with lysosoma1 compartments during vacuole formation and maturation. Current opinion is divided about the origin of so-called primary and secondary lysos o m e~,~~* '~ but the presence of hydrolytic enzyme activity within the toxin-induced vacuoles strongly indicates a catabolic function. This is consistent with our observations and those of others, of partly digested organelles within the vacuoles.4* 9 9 lo It is tempting to conjecture that acid phosphatase-negative vacuoles are immature in a way analogous to immature autophagosomes. However, autophagic vacuoles in some systems mature and acquire acid phosphatase activity within 15-30 min,l2? l3 whereas we found only partial labelling of the vacuole population after toxin treatment for 24 h.
Based on the above evidence, endosomes or secondary lysosomes are likely to play a role in the formation and maturation of cytotoxin-induced vacuoles. This hypothesis was tested with fluorescent probes of fluid phase endocytosis. When HeLa cells were exposed simultaneously to LY or FITC-dextran and cytotoxin preparations, labelling of the vacuoles with these probes occurred rarely after exposure for 2h, was more common at 3-6 h and was virtually universal after 24 h. Although nearly all vacuolate cells had some labelled vacuoles, after longer exposure not all vacuoles in a given cell were labelled. This strongly suggests that cytotoxin-induced vacuoles eventually communicate with endosomally-derived compartments.
Taken together, these observations support the hypothesis that the vacuoles induced by the cytotoxin of H. pylori are autophagosomal in nature. They presumably arise from toxin-induced intracellular dysfunction, although the mechanism is at present unknown. Identification of ER-specific markers in the cytotoxin-induced vacuole membrane and observation of early double membrane-bound vacuoles, would lend strong support to our hypothesis. Studies to clarify when nascent vacuoles become acidic and acid phophatase-positive would help to determine whether these events depend on communication with endocytically-derived compartments, but the timing of vacuole formation would make such studies difficult. We suggest that the vacuoles may release hydrolytic enzymes upon enlargement and rupture, thus contributing to the autolysis of affected cells as a function of time, as is indicated by light microscope observations. Such a phenomenon in vivo is likely to contribute to the genesis of gastroduodenal pathology associated with infection by H . pylori and may, therefore, be clinically relevant.
Note added in proof
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